Rapid diagnostic tests are needed to improve patient care and to combat the problem of antimicrobial resistance. The Accelerate Pheno system (Accelerate Diagnostics, Tucson, AZ) is a new diagnostic device that can provide rapid bacterial identification and antimicrobial susceptibility test (AST) results directly from a positive blood culture. The device was compared to the standard of care at two academic medical centers. There were 298 blood cultures included in the study, and the Accelerate Pheno system provided a definitive identification result in 218 instances (73.2%). The Accelerate Pheno system provided a definitive and correct result for 173 runs (58.1%). The Accelerate Pheno system demonstrated an overall sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of 94.7%, 98.9%, 83.7%, and 99.7%, respectively. An AST result was available for analysis in 146 instances. The overall category agreement was 94.1% with 12 very major errors, 5 major errors, and 55 minor errors. After a discrepancy analysis, there were 5 very major errors and 4 major errors. The Accelerate Pheno system provided an identification result in 1.4 h and an AST result in 6.6 h; the identification and AST results were 41.5 h and 48.4 h faster than those with the standard of care, respectively. This study demonstrated that the Accelerate Pheno system is able to provide fast and accurate organism identification and AST data. A limitation is the frequency with which cultures required the use of alternative identification and AST methods.
Panel (BioFire Diagnostics, LLC, Salt Lake City, UT), Verigene (Luminex Corporation, Northbrook, IL), QuickFISH (AdvanDx, Inc., Woburn, MA), Prove-it Sepsis (Mobidiag, Helsinki, Finland), and the Unyvero BCU application (Curetis, Holzgerlingen, Germany) (13) . The U.S. Food and Drug Administration (FDA) has cleared some of these diagnostic tests, and some are available only in Europe. Several of the tests have been shown to decrease mortality, to improve time to effective antimicrobial therapy, to shorten hospital stays, and to decrease health care costs (14) (15) (16) (17) . Several of the tests provide information on the presence or absence of resistance genes, but none of them provides rapid phenotypic antimicrobial susceptibility testing (AST) results. For certain microbes, particularly Gram-negative bacteria, the presence or absence of a resistance gene is not enough information to predict the phenotype (18) . Antimicrobial resistance in Gramnegative bacteria is complex and often multifactorial (beta-lactamases, porin mutations, and efflux pumps) (19) . For example, in some areas of the United States, the majority of carbapenem resistance in Enterobacteriaceae is not due to Klebsiella pneumoniae carbapenemase (KPC) but is due to non-carbapenemase-producing mechanisms (e.g., the presence of AmpC plus a porin mutation) (20) . The Accelerate Pheno system (Accelerate Diagnostics, Tucson, AZ) is a new diagnostic device that can provide rapid bacterial identification and AST results. The device uses a broad panel of fluorescence in situ hybridization assays for microorganism identification and morphokinetic cellular analysis using time-lapse imaging for AST (21) (22) (23) (24) (25) . The Accelerate PhenoTest BC kit can identify 16 organisms-6 Gram-positive and 8 Gram-negative bacteria, as well as 2 Candida species-directly from positive blood cultures. It is FDA cleared to provide AST data for 6 Gram-positive drugs, 2 Gram-positive resistance phenotype markers, and 12 Gram-negative drugs ( Table 1) . This study provides a comparison of the performance of the Accelerate PhenoTest BC MLSb, macrolidelincosamide-streptogrammin B resistance; AMK, amikacin; SAM, ampicillin-sulbactam; ATM, aztreonam; CAZ, ceftazidime; FEP, cefepime; CRO, ceftriaxone; CIP, ciprofloxacin; ETP; ertapenem; GEN, gentamicin; MEM, meropenem; TZP, piperacillin-tazobactam; TOB, tobramycin. "X" represents that AST is performed for the given antimicrobial agent when the given organism is identified. kit to that of the standards of care at two academic medical centers. Our hypothesis was that the Accelerate Pheno system would provide an identification and AST result from positive blood cultures with accuracy equivalent to that of the result provided by the standard of care, and more quickly.
AMP CFT DAP ERY LZD VAN MRS MLSb AMK SAM ATM CAZ FEP CRO CIP ETP GEN MEM TZP TOB
AST for Gram-positive bacteria CNS X X X X EFS X X X X EFM X X X X SAU X X X X X X SLU X X X STR AST for Gram-negative bacteria ABA X X CIT X X X X X X X X X X X ENT X X X X X X X X X X X ECO X X X X X X X X X X X X KLE X X X X X X X X X X X X PRO X X X X X X X X X X X X PAE X X X X X X X X SMA X X X X X X X X X X X No
MATERIALS AND METHODS
At Emory University and UTSW, both academic medical centers serving adult patients, 298 positive blood cultures were loaded onto the Accelerate Pheno system within 8 h of the bottle signaling positive between 1 January 2016 and 30 September 2016 (157 at Emory and 141 at UTSW). The results obtained from the Accelerate Pheno system were compared to those of the usual standard of care at each institution. Only the first positive blood culture from a patient was loaded onto the Accelerate Pheno system (duplicate positive cultures were not included in the study). All positive blood cultures included in the study had an organism present on the initial Gram stain. Institutional Review Board approval was obtained at both institutions prior to the conduct of the study.
Standard-of-care arm. At Emory, the laboratory detection of bacteremia and fungemia was performed using the BacT/Alert 3D system with standard aerobic and anaerobic blood culture bottles (bioMérieux, Durham, NC). At UTSW, blood cultures were performed using the VersaTrek system with Redox 1 and Redox 2 bottles (Trek Diagnostic Systems, Cleveland, OH). The standard-of-care arm was as follows. After Gram staining and incubation on appropriate medium, organism identification was typically performed using the MicroScan WalkAway-96 plus system (Beckman Coulter Diagnostics, Brea, CA) at both institutions. At UTSW, the identification method was switched during the study to MALDI-TOF (Microflex LT; Bruker Daltronics, Germany) starting on 21 May 2016. In certain instances, organism identification was performed using biochemical tests or API (analytical profile index) strips (bioMérieux). At both institutions, antimicrobial susceptibility testing was performed using the MicroScan WalkAway-96 plus system with a Pos Combo 33 panel for Gram-positive organisms and the Neg/Urine Combo 61 panel for Gram-negative organisms.
Experimental arm. The experimental arm at both institutions involved loading 5 ml of blood from the positive blood culture bottle into the Accelerate PhenoTest BC kit. The kit was then loaded into the (Table 1) .
Occasionally, the Accelerate Pheno system had a run failure or invalid result. These invalid results occurred when the system identified too few cells for analysis. In these instances, the Accelerate Pheno system did not provide an identification or AST result. With a valid run, the Accelerate Pheno system stated whether there was a positive or negative identification for each of the 16 organisms on the Accelerate PhenoTest BC kit. In addition to a positive or negative identification, the system occasionally gives an indeterminate result. This is given when the quantity present is significantly different from a negative result but does not meet the criteria for a positive result. Finally, the Accelerate Pheno system sometimes identifies off-panel organisms. Off-panel organism identifications occur when the system determines that an organism is present but is not one of the 16 organisms on the Accelerate PhenoTest BC kit. In any of these instances-a run failure, an indeterminate identification result, or the identification of an off-panel organism-the manufacturer recommends performing an alternate testing method for identification and susceptibility results.
Data analysis. For the purpose of data analysis, the following definitions were used for the organisms listed in Table 1 . A true-positive result occurred when the Accelerate Pheno system identified the same microbe as the standard of care. A true-negative result occurred when neither the Accelerate Pheno system nor the standard of care identified an organism. A false-positive result occurred when the Accelerate Pheno system identified an organism that the standard of care did not, and a false-negative result occurred when the Accelerate Pheno system failed to identify an organism that the standard of care did. These labels (true positive, true negative, false positive, and false negative) were given to each organism for each run. Sensitivity, specificity, positive predictive value, and negative predictive value were calculated from these data. When the standard of care identified a microbe as a coagulase-negative Staphylococcus sp. (identification to the species level was not performed if the isolate was a suspected contaminant), this was considered to represent a true-positive result if the experimental arm identified the isolate as a coagulase-negative Staphylococcus sp. This assumption was true as long as the coagulase-negative Staphylococcus sp. was S. epidermidis, S. haemolyticus, S. hominis, S. capitis, S. lugdunensis, or S. warneri. In addition, when the standard of care identified a microbe as alpha-hemolytic streptococcus or viridans streptococcus (identification to the species level was not performed if the isolate was a suspected contaminant), this was not considered a true-positive result if the experimental arm identified the isolate as a Streptococcus sp. This assumption was true unless the viridans streptococcus was actually S. mitis, S. oralis, or S. gallolyticus. This was done because the Accelerate Pheno system Streptococcus sp. result does not include S. mutans, S. salivarius, S. anginosus, and Streptococcus spp.
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For the AST analysis, category agreement was defined as the Accelerate Pheno system and the standard of care result having the same susceptible, intermediate, or resistant result using Clinical and Laboratory Standards Institute (CLSI) M100-S26 breakpoints (32) . During this study, Emory University and UTSW were using the FDA 2009 breakpoints for cephalosporins and carbapenems, and thus, for some organism-drug combinations, comparison of the standard of care to the Accelerate Pheno system was problematic. For example, there were instances where the standard of care reported an E. coli isolate as susceptible to ceftriaxone (FDA 2009 breakpoint, Յ8 g/ml) but the Accelerate Pheno system reported the E. coli isolate as resistant to ceftriaxone (CLSI 2016 breakpoint, Ն4 g/ml). It is possible that both the standard of care and the Accelerate Pheno system were correct in this instance (true MIC, 4 or 8 g/ml), or it is possible that an error was made. For the purposes of data analysis, this result was considered category agreement, since it was possible that the Accelerate Pheno system result was correct, so category agreement was assumed. Very major errors were defined as the Accelerate Pheno system reporting an isolate as susceptible when the standard of care reported the isolate as resistant. Major errors were defined as the Accelerate Pheno system reporting an isolate as resistant when the standard of care reported the isolate as susceptible. Minor errors were defined as the Accelerate Pheno system or standard of care reporting an isolate as intermediate when the other method reported the isolate as susceptible or resistant. Also, on the rare occasions when 2 organisms that gave the same Accelerate Pheno system result were identified (e.g., S. epidermidis and S. hominis identified from the same blood culture or two different colony morphologies of E. coli), the more resistant phenotype for each pair was used as the comparator to the Accelerate Pheno system. Discrepancy analysis. Identification and AST discrepancy analysis were performed at Accelerate Diagnostics, Inc. Study samples were sent to the company as frozen blood aliquots (from the original positive blood culture). The aliquots were thawed, and the blood was plated onto medium. Identifier (ID) discrepancy analysis was performed using an identification method different from the Accelerate Pheno system and the standard of care. This was either MALDI-TOF or Vitek 2 (ID card reference number, GP21342, GN21341, or YST21343). For one isolate, discrepancy analysis was performed at the Georgia Department of Health laboratory because MALDI-TOF is unable to differentiate between E. coli and S. flexneri. AST discrepancy analysis was performed using broth microdilution panels (performed in triplicate, with the mode chosen as the true result). This was performed in all cases of very major errors or major errors.
Discrepancy analysis was needed in the identification portion of the study because the standard-ofcare arm did not always report a definitive identification. Isolates were sometimes classified as coagulasenegative Staphylococcus spp. or viridans streptococci, and discrepancy analysis was needed to determine the exact species and whether an identification error had truly occurred. Discrepancy analysis was needed for the AST portion of the study because the standard-of-care instrument (MicroScan WalkAway-96 plus system) has some known limitations, for example, overcalling daptomycin resistance in Enterococcus spp. (33) .
RESULTS
Identification analysis. Of the 298 positive blood cultures in this study, 21 runs were excluded due to Accelerate Pheno system run failures, leaving 277 runs for analysis (no result was given by the Accelerate Pheno system for these 21 runs, and thus, accuracy could not be assessed). In addition, there were 23 runs in which an off-panel organism was identified by the Accelerate Pheno system and 36 runs in which there was an indeterminate result for an organism. In these 59 cases, the manufacturer recommended proceeding with routine organism identification and susceptibility testing using an alternative identification and AST method. A definitive identification result (instances in which the manufacturer did not recommend additional testing) was thus provided by the Accelerate Pheno system for 218 runs (218/298; 73.2%) (Fig. 1) . The definitive result was correct in 173 instances (173/218; 79.4%). Incorrect results were due to the presence of false-positive results; false-negative results; or, in 5 instances, a polymicrobial sample in which one organism was correctly identified but the other organism was not part of the Accelerate PhenoTest BC kit. The Accelerate Pheno system thus gave definitive and correct results for 173/298 runs (58.1%).
For organism identification, of the 277 runs available for analysis, the Accelerate Pheno system gave a definitive and correct identification (no indeterminate results, no off-panel organisms, and no false-positive or false-negative results) 62.5% of the time (173/277). Of these 277 runs, there were 253 instances of monomicrobial bacteremia and 24 instances of polymicrobial bacteremia. For the runs with monomicrobial bacteremia, the Accelerate Pheno system gave a definitive and correct identification 67.2% of the time (170/253). For the runs with polymicrobial bacteremia, the Accelerate Pheno system gave a definitive and correct identification 12.5% of the time (3/24).
For the organisms the Accelerate Pheno system is FDA approved to detect (excluding indeterminate results), the overall sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were 94.7%, 98.9%, 83.7%, and 99.7%, respectively ( Table 2 ). For the monomicrobial bacteremia runs, the Accelerate Pheno system demonstrated an overall sensitivity, specificity, PPV, and NPV of 98.6%, 99.0%, 83.9%, and 99.9%, respectively (see Table S1 in the supplemental material). For the polymicrobial bacteremia runs, the Accelerate Pheno system demonstrated an overall sensitivity, specificity, PPV, and NPV of 68.8%, 98.6%, 81.5%, and 97.2%, respectively (see Tables S2 and S3 in the supplemental material). A list of the organisms identified by the standard of care that are not present on the Accelerate PhenoTest BC kit is provided in Table S4 in the supplemental material.
For the discrepancy analysis, there were 58 identification errors (see Table S5 in the supplemental material). Nine of these errors were resolved in favor of the Accelerate Pheno system. Six isolates were identified by the standard of care as viridans streptococci (using biochemical tests) and by the Accelerate Pheno system as Streptococcus spp. (false positives). MALDI-TOF confirmed the isolates as Streptococcus mitis/Streptococcus oralis. Three isolates were identified by the standard of care as a coagulasenegative Staphylococcus species, and the Accelerate Pheno system did not identify them (false negatives). MALDI-TOF confirmed the isolates as Staphylococcus caprae, Staphylococcus cohnii, and Staphylococcus lentus. These are all coagulase-negative Staphylococcus spp. not on the Accelerate PhenoTest BC kit panel. Of the remaining 49 identification errors not resolved by discrepancy analysis, there were 39 false-positive results and 10 false-negative results. Most of the false-positive results were due to coagulase-negative Staphylococcus (n ϭ 10), Staphylococcus aureus (n ϭ 11), or Candida glabrata (n ϭ 8).
AST analysis. For the AST analysis, of the 277 runs available for analysis (with run failures excluded), there were 221 runs that contained one of the 13 organisms for There were 117 runs with true-positive identification results for Gram-positive organisms. No standard-of-care AST was performed in 47 instances, and 11 were excluded because no Accelerate Pheno system AST was provided. This left 59 isolates available for AST analysis ( Fig. 1 and Table 3 ). The category agreement for Grampositive organisms was 97.1% (4 very major errors, 2 major errors, and 1 minor error). The very major error rate was 7.1% (4 very major errors/56 resistant results), and the major error rate was 1.1% (2 major errors/186 susceptible results). There were 94 true-positive identification results for Gram-negative organisms, and 7 were excluded because no Accelerate Pheno system AST was provided. This left 87 isolates available for AST analysis ( Fig. 1 and Table 4 ). The category agreement for Gram-negative organisms was 93.3% (8 very major errors, 3 major errors, and 54 minor errors). The very major error rate was 7.4% (8 very major errors/108 resistant results), and the major error rate was 0.4% (3 major errors/837 susceptible results). The category agreement for all organisms (Gram positive and Gram negative combined) was 94.1%, with 12 very major errors, 5 major errors, and 55 minor errors. The overall very major error rate was 7.3% (12 very major errors/164 resistant results), and the major error rate was 0.5% (5 major errors/1,023 susceptible results).
For the AST discrepancy analysis, all 12 very major errors and 5 major errors underwent discrepancy testing. There were 7 very major errors and 1 major error that were resolved in favor of the Accelerate Pheno system (see Table S6 in the supplemental material). There was an Enterococcus faecium isolate for which the daptomycin interpretations were nonsusceptible by the standard of care (MIC Ͼ 4 g/ml) and susceptible by the Accelerate Pheno system (MIC ϭ 1 g/ml); one isolate of Serratia marcescens resistant to ceftazidime, aztreonam, and piperacillin-tazobactam by the standard of care (MICs, Ͼ16, Ͼ16, and Ͼ64 g/ml, respectively) and susceptible by the Accelerate Pheno system (MICs, 2, 2, and 4 g/ml, respectively); one Proteus sp. isolate resistant to aztreonam by the standard of care (MIC ϭ 16 g/ml) and susceptible by the Accelerate Pheno system (MIC ϭ 2 g/ml); one Klebsiella sp. isolate resistant to cefepime by the standard of care (MIC Ͼ 16 g/ml) and susceptible by the Accelerate Pheno system (MIC ϭ 1 g/ml); one isolate of Escherichia coli resistant to cefepime by the standard of care (MIC Ͼ 16 g/ml) and susceptible by the Accelerate Pheno system (MIC ϭ 2 g/ml); and one coagulase-negative Staphylococcus species negative for the methicillin resistance phenotype marker by the standard of care and positive for the methicillin resistance phenotype marker by the Accelerate Pheno system. After discrepancy analysis, there were 5 very major errors and 4 major errors. The post-discrepancy analysis very major error rate was 3.0% (5 very major errors/164 resistant results), and the major error rate was 0.4% (4 major errors/1,023 susceptible results). These 9 errors occurred in 7 different organisms. There was no discernible pattern to the errors. They occurred with various species (two Enterobacter spp., one E. faecium, one Klebsiella sp., one E. coli isolate, and two coagulase-negative Staphylococcus isolates) and various drugs (one vancomycin, one marker for methicillin-resistant Staphylococcus, two markers for macrolide-lincosamide-streptogramin B resistance, two piperacillin-tazobactam, two ceftazidime, and one aztreonam). See Table S6 in the supplemental material for more details on the nature of the errors.
For the 173 runs (175 organisms) in which the Accelerate Pheno system gave a definitively correct identification result, the mean and median time to identification for the Accelerate Pheno system was 1.4 h. For these 175 organisms, the Accelerate Pheno system produced an identification result a mean of 41.5 h (median, 39.9 h) faster than the standard of care (assuming both the experimental and control arms were started 30 min after a blood culture turned positive). Of these 175 organisms, 126 had an AST result on the Accelerate Pheno system. For these 126 organisms, the mean and median times to an AST result on the Accelerate Pheno system were 6.6 h. The Accelerate Pheno system produced an AST result an average of 48.4 h (median, 40.6 h) faster than the standard of care (assuming both the experimental and control arms were started 30 min after a blood culture turned positive).
DISCUSSION
Rapid diagnostic tests for identification and susceptibility testing of bacteria are urgently needed. There are several types of diagnostic tests that are currently available for the rapid identification of bacteria (26) (27) (28) . Some of these diagnostic tests also provide data on the presence or absence of antibiotic resistance genes (14, 15, 27, 28) . However, until recently, there have not been diagnostic tests that can provide rapid phenotypic AST data. These tests are needed because an isolate's phenotypic AST profile, which is required for clinicians to make treatment decisions, cannot always be predicted based on the presence or absence of a limited number of antibiotic resistance genes, especially for Gram-negative bacteria. The Accelerate Pheno system and BC kit can help to provide this information.
Our original hypothesis was that the Accelerate Pheno system would provide an identification and AST result from positive blood cultures with accuracy equivalent to that provided by the standard of care, and more quickly. We found this hypothesis to be true, with caveats. In this study, the Accelerate Pheno system provided an identification and AST result for organisms from a positive blood culture quickly (1.4 h and 6.6 h, respectively). This was faster than the standard of care by more than a day (identification, 39.9 h faster, and AST, 40.6 h faster). The identification performed was accurate (sensitivity, 94.7%; specificity, 98.9%; PPV, 83.7%; and NPV, 99.7% [prediscrepancy testing]), and the AST result was also accurate (category agreement, 94.1% [pre-discrepancy testing]). There were a significant number of instances however, in which the Accelerate Pheno system recommended pursuing other identification or AST methods (26.8% and 35.9%, respectively).
A limitation of the system concerning accuracy in our study was the significant number of false-positive identification results (n ϭ 39). Some, but not all, of these errors could be identified, as they occur based on a discrepant Gram stain result. The reason for these false positives is unclear. While false-positive results are likely better for the patient than false-negative results (overtreatment rather than undertreatment), falsepositive results can still lead to unnecessary exposure to antimicrobial agents and a lack of knowledge about the true pathogen. For example, in our study, there were 11 false-positive S. aureus results (PPV, 73.8%). In 8 of these 11 cases, a coagulase-negative Staphylococcus sp. was misidentified as S. aureus. There were also 8 false-positive C. glabrata results (PPV, 20.0%). These false-positive C. glabrata identifications could lead to unnecessary treatment with antifungal medications, which could have serious implications for the patient due to drug toxicity. The false-negative results were rare but present (n ϭ 10). Another error that was noted was the misidentification of Shigella flexneri as E. coli. This error is also seen with automated biochemical test systems and MALDI-TOF instruments (29) (30) (31) . The relatedness of Shigella and "inactive" E. coli makes them difficult to differentiate. It is unlikely that this error is significant given the rarity of Shigella bacteremia. It should also be noted that this study was conducted on pre-FDA-cleared software (version 1.0). The manufacturer has since updated the software, although the changes were not assessed in this study.
Another limitation of the system in our study was the high number of instances in which routine identification and AST were recommended by the Accelerate Pheno system (26.8% of the time). This was because of technical failures (n ϭ 21), indeterminate results (n ϭ 36), or off-panel organisms that were not identified by the Accelerate Pheno system (n ϭ 23). This implies that the Accelerate Pheno system, as tested in this study, will not be able to replace the standard of care. It will rather serve as an adjunct to the standard of care. It is possible, given the nature of the centers in this study (two large academic referral centers), that the number of off-panel organisms present was higher than would be seen in other settings. Other considerations for clinical microbiology laboratories are cost (of both the instrument and individual kits), laboratory space, workflow in the laboratory (only one sample per unit at a given time, although the system can accommodate up to 4 modules), storage space for the large single-use kits, and waste disposal of the kits.
There are features of this study that may limit generalizability. For example, identification and AST were mostly performed using the MicroScan WalkAway-96 plus system (University of Texas Southwestern [UTSW] did switch to MALDI-TOF during the study). Also, the MicroScan panels were set up and batched every morning (not put on the instrument for 24 h per day). Laboratories that release identification and AST results 24 h per day, use MALDI-TOF immediately, and/or use rapid molecular tests would likely have very different standard-of-care times to identification and AST results. Laboratories using more rapid methods than those employed in this study can compare their identification and AST times to those of the Accelerate Pheno system in this study (1.4 h and 6.6 h, respectively). The Accelerate Pheno system is a useful tool to help rapidly identify microorganisms and perform phenotypic susceptibility testing on positive blood cultures. It is unlikely to replace current identification and susceptibility testing, but it will likely serve as a supplement to that testing. Future studies are needed to investigate the costeffectiveness of the technology and the clinical impact of its use and to compare it to other rapid blood culture testing platforms.
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